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^ 1. Introduction 

According to a now well-establislied framework/ tlie Bjorken limit of near 
I forward exclusive reactions with a hard probe allows factorisation of the 

leading twist amplitudes into a perturbatively calculable sub-process at 
^ quark and gluon level on the one hand and hadronic matrix elements of 

light-cone non-local operators describing the transition from the baryon 
^ target to a final baryon on the other hand. Those matrix elements can be 

expressed through hadron distribution amplitudes (DAs) and generalised 
parton distributions (GPDs). Experimental data^ from DESY and JLab 
O are now confirming this framework, and they seem to show that its ap- 

>• plicability is quite precocious in terms of Q^. The harmonic analysis^ of 

*^ spin asymmetries which are particularly sensitive to the interference be- 

^ tween the deeply-virtual-Compton scattering (DVCS) and Bethe-Heitler 

processes is very relevant for that purpose. 

Investigations on GPDs are very important since they are new QCD 
objects which carry much information on the hadronic structure. A fur- 
ther generalisation of the GPD concept has been proposed^ in cases where 
the initial and final states are different hadronic states. If those new 
hadronic objects are defined through a quark-antiquark operator (meson 
to meson or meson to photon transition), we call them mesonic transi- 
tion distribution amplitudes (TDA),^ if they are defined through a three 
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quark operator (baryon to meson or baryon to photon transition), we call 
them baryonic transition distribution amplitudes.^ 

Both appear in the description of hard exclusive processes, where a 
highly off-shell photon provides a hard scale permitting, on the one hand, 
to treat perturbatively the interaction between the photon and the quarks 
off the target, on the other hand to advocate the factorisation of the am- 
plitude as a convolution of a hard amplitude with the universal TDAs 
describing the non-perturbative transition between two hadronic states 
and DAs describing the formation of another hadron. This is illustrated 
in Fig. [T] for three cases. The first is the process 7*7 Ait at small t, 
where ^ is a meson. There appear the mesonic 7 ^ vr TDAs. The second 
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Fig. 1. (a) Illustration of the factorisation for 7*7 — > An at small transfer momentum, (b) Idem 
for backward electroproduction of a pion. (c) Idem for pp — > 7*77". 
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is the backward electroproduction of a pion and the third is a crossed 
process pp 7*7r°. In those two last processes, there appear the baryonic 
p ^ vrO TDAs. 

2. The mesonic TDAs 

2.1. Mesonic TDAs vs. GPDs 

For definiteness, let us consider the 7 ^ vr" TDAs. Those are defined 
from the correlator^0 

/ ^e"^"-^-(p.-)|(i(-^)(r)n(^)|7(p„e)) ^ ^ , (1) 
J zvr z z z+=o,zt=o 

where r is one of the Dirac forms, 7^',7^7^ or a^^^ . The first two enable 
to respectively define the vector TDA V'^'^ (x, ^, A^) and the axial-vector 
one 74'^'^~(x,^, A^), going along with their respective Lorentz structures.^ 
The latter Dirac form, cr^'^, is related to two chiral-odd tensorial TDAs 
T7-'(x,C,A2) andr2^""(x,e,A2). 

The mesonic TDAs have much in common with meson GPDs. They 
are defined from matrix elements of the same quark - antiquark operator 
and thus obey the same QCD evolution equations. Sum rules may be 
derived for the photon to meson TDAs. Since the local matrix elements 
appear in radiative weak decays, we can relate the TDAs to the vector 
and axial form factors Fy and Fa in the ti^ case and to F.,^0^*^ in the tt*^ 
case. Those form factors are well measured.^ 

Moreover, the TDAs satisfy similar polynomiality conditions and they 
may be constructed from a spectral decomposition, in analogy with the 
construction of GPDs through double distributions.^ The x and ^ depen- 
dence of the TDAs is then given as 

n n-m 

/ dp / dad{x- (3-^a)f{p,a). 

In the GPD case, f{l3,a) = q{(3)h{P,a) with the forward quark dis- 
tribution and h{P, a) a profile function. Note however that TDAs possess 
different properties than GPDs with respect to time reversal since initial 
and final states are different. A consequence of this is the appearance of 
odd-powers of ^ in their moments in x. 



''Working in light-like (or axial) gauge both for the gluons and the photons, we omitted to include 
the QCD and QED Wilson line between the quark fields. 

''If p and p' are respectively the momenta of the initial and final particles in the TDAs, wc have 
{p' ~ p) = A, t = A^, P = l/2(p + p') and 2g = -A+/P+. We also have g ft! xs/(2 - xb)- 
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In the aforementioned case of 7 ^ vr", the leading- twist decomposition 
of the matrix element differs from the vr" GPD one mainly because of 
the presence of the photon polarisation vectors e{p^) - a similar situation 
would occur for the tt ^ p transition. This enables to build 4 independent 
leading-twist Lorentz structures, and thus to define 4 TDAs, whereas 
there are only 2 leading-twist pion GPDs. 

2.2. A perturbative limit 

An interesting perturbative limit of a mesonic TDA may be derived^ by 
considering the Born order amplitude A for the process 

in the region where Q'"^ ^ and in the forward kinematics (t = tmm)- 

One can see that the amplitude factorises and the 7^ ^ pl vector 
V{x, ^, t) TDA|^ is obtained at leading order as 

V{x,Urmn) = 3[e(l >X> OH^) " ©("^ >X> - 1) cD ( ] , 

where $ is the p DA. This TDA describes the transition between the 
least off-shell photon (Q^) and the longitudinally polarised p to which it 
is collinear. Note that this perturbative expression vanishes in the ERBL 
region. 

2.3. Models 

We have already at our disposal several models for the vector and axial- 
vector TDAs describing the pion to photon transition. In Refs 10,11, those 
were modelled via double-distributions and more recently in the spectral 
quark model. Other approaches'^ used to construct pion GPDs could 
provide us with reasonable modelling of the mesonic TDAs. Let us cite for 
instance the Nambu-Jona Lasinio Model. Finally, lattice QCD, which 
has been recently applied to extract moments of pion GPDs,'^ could also 
be applied to the TDA case. 



Defining rii and 712 such that q = , z^. rii + (1 + §)n2 and A; = (1 — 5)n2 and considering the 
quark antiquark operator along the light-cone vector n = 2ni/s,s = 2ni.n2, V{x,^,t) is defined as 
(omitting the QED Wilson line) 
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2.4. Experimental possibilities 

The introduction of the 7 — >^meson TDAs completes the kinematical do- 
main of understanding of the reactions 77* M1M2 in the framework of 
QCD factorisation, supplementing the near threshold kinematical domain 
described by generalised distribution amplitudes (GDAs)^^ and the fixed 
(or large) angle domain historically described by the Brodsky-Lepage 
factorisation.^^ Data have been collected at LEP and CLEO on these 
reactions, mostly in the GDA domain for pp final states, with some phe- 
nomenological success. More data are obviously needed and are eagerly 
waited for in the TDA region, and much hope comes from the high lumi- 
nosity electron colliders. This requires in general the exclusive detection 
of two mesons, when tagging simultaneously one outgoing electron. 

Another way to access the mesonic TDAs is to study DVCS on virtual 
pion target, which may be studied^^ at Hermes and JLab in the reaction 
7*p 77r+n, when the transition p ^ n is dominated by the pion pole 
and the 7r+ flies in the direction of the 7* in the 77r+ CMS. 

3. The baryonic TDAs 
3.1. Definitions 

Let us concentrate here on the p — > tt TDAs. The leading twist TDAs for 
the TT^ transition are defined from the correlator : 

{'K^{p^)\ e'^'^uiizi n)u^p{z2 n)d^{z3 n) \p{pp, Sp)) 

These TDAs are matrix elements of the same operator that appears in 
baryonic distribution amplitudes. The known evolution equations of this 
operator lead to derive evolution equations which have different forms in 
different regions ; one defines one ERBL and two DGLAP regions much 
in the same spirit as in the GPD case, so that the evolution equations in 
momentum space depend on the signs of the quark momentum fractions 

As for DAs, an asymptotic solution for this evolution equation exists 
but the phenomenological study of electromagnetic form factors leads us 
to strongly doubt that it is of any phenomenological relevance. In some 
sense, this is not a surprise since the corresponding asymptotic solution 
for parton distribution functions is far from a realistic description 
of DIS data. We thus do not propose to take an asymptotic TDA as a 
realistic input for phenomenology. 
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On the other hand, there exists an interesting soft hmit^° when the 
emerging pion momentum is small, which allows to relate proton pion 
TDAs to proton DAs. The well-known soft pion theorems indeed allow 
to write: 

(7r«(p,)|0|P(pi,.i)) ^ -±{0\[QlO]\P{p,s)) 

when ^ — 1 (-Btt O) ; the neglected miclcon pole term, which docs not 
contribute at threshold but is likely to be important for significantly 
different from 1, may also be taken into account. One then gets relations 
between the nucleon DAs^^ AP^ VP and TP on the one hand and the p — > tt 
TDAs ° and Tf" on the other hand : 

Tr"(x„x„X3,l,M^) = ^T^(f,f,f). 

To conclude, let us mention that the proton to photon TDAs, entering 
the description of backward DVCS, have been defined in Ref. 22. 

3.2. Experimental situation 

As we mentioned above, p ^ n baryonic TDAs appear in the description 
of backward electroproduction of a pion on a proton target. In terms of 
angle, in the j*p center of momentum (CM) frame, the angle between 
the 7* and the pion, 9*, is close to 180°. We then have \u\ <C s and 
t ~ — (s + Q^), in contrast to the fixed angle regime ■u ~ t ~ — (s + Q^)/2 
{9* ~ 90°) and the forward (GPD) one \t\ < s and ?x ~ -(s+Q^) (6"* ~ 0°). 

The TDAs appear also in similar electroproduction processes such as 
ep — >• e (p, A+) (?7, p°), ep ^ e (n, A) (7r+,/9+), ep ^ e A++ {tt~,p~). Those 
processes have already been analysed, at backward angles, at JLab in 
the resonance region, i.e. = W < 1.8 GeV, in order to study the 

baryonic transition form factors in the vr channeP^ or in the rj channel. ^^'^^ 
Data are being extracted in some channels above the resonance region. 
The number of events seems large enough to expect to get cross section 
measurements for A^ < 1 GeV^, which is the region described in terms 
of TDAs. Hermes analysis^^ for forward electroproduction may also be 
extended to larger values of —t. It has to be noted though that present 
studies are limited to of order a few GeV^, which gives no guarantee 
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to reach the TDA regime yet. Higher-Q^ data may be obtained at JLab- 
12 GeV and in muoproduction at Compass within the next few years. 
Besides comparisons with forthcoming experimental data, one may also 
consider results from global Partial Wave Analysis {e.g. SAID^^). 

Crossed reactions involving TDAs in proton- antiproton annihilation 
(GSI-FAIR^^), with time-hke photons {i.e. di-leptons) can also be studied 
with other mesons than a pion, e.g. pp 7* {ri,p^), or on a different 
target than proton pN 7*7r. Finally, one may also consider associated 
J/V' production with a pion pp ^ ip tt^ or another meson pp ^ ip {ri,p'^), 
which involve the same TDAs as with an off-shell photon or in backward 
electroproduction. They will serve as very strong tests of the universality 
of the TDAs in different processes. 

3.3. Models and applications 

The first application of baryonic TDAs was centered on backward electro- 
production of a pion.^° In that case, the hard contribution which consists 

in the scattering of the hard photon with three quarks is known at lead- 
ing order. Extrapolating the limiting value of the TDAs obtained from 
the soft pion theorems to the large-^ region, we obtained a first evalua- 
tion of the unpolarised cross section for backward electroproduction. This 
estimate, which is unfortunately reliable only in a restricted kinematical 
domain (large-,^), shows an interesting sensitivity to the underlying model 
for the proton DA. This study will soon be extended to hard exclusive 
production of a 7*7r° pair in pp annihilation at GSI-FAIR.^^ 

In the near future, a modelling inspired from the soft-pion limit includ- 
ing the nuclcon pole term will be applied to backward electroproduction 
at 9* / 180°. Application of the Pion-cloud Model-^^ to p ^ vr transi- 
tions are also expected to be available soon.^^ Specific non-perturbative 
approaches such as lattice studies, instanton-based models, chiral per- 
turbation theory, AdS-CFT correspondence,'^'^ can also provide us with 
realistic expression for the TDAs to be checked experimentally and are 
therefore eagerly waited for. 
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